
I 
I i . 

. r' 

O n  T h e  T h e o r y  Of  T h e  

IPAOESf 

I N A ~ A  CR OR-TM~ OR AD N U U ~ E R )  ICATE&RY) 

Department of Aeronautical Engineering 
WICHITA STATE UNIVERSITY 

September, 1966 



ON THE THEORY OF THE DELTA WING 

Edi t ed  by 
Melvin H.  Snyder ,  Jr. 

Aeronau t i ca l  Report  66-4 

Aux i l a ry  Report  of S t u d i e s  and T r a n s l a t i o n s  
Performed Under 

NASA G r a n t  17-003-003, Supplement 1 

Department of Aeronau t i ca l  Engineer ing  
S choo 1 of Engineer ing  

Wichi ta  S t a t e  U n i v e r s i t y  
September, 1 9 6 6  



ABSTRACT 

C o n t r i b u t i o n s  t o  t h e  theory  of  d e l t a  wings by t h r e e  

pape r s  pub l i shed  by t h e  0. N.  E .  R. A. are d i scussed .  These 

pape r s  a r e  concerned w i t h  (1) t h e  shape of the v o r t e x  s h e e t s  

shed by t h e  s h a r p  leading-edges of t h i n  d e l t a  wings,  (-2) 

t h e  " b u r s t i n g "  of t h e  v o r t i c e s ,  i .e . ,  the f l a r i n g  of t h e  

v o r t e x  cores, and ( 3 )  t h e  e f f e c t  of t h e s e  phenomena on 

t h e  l i f t  of de l t a  wings. 

Complete t r a n s l a t i o n s  of t w o  of the pape r s  are presented :  

M. Roy: "On t h e  Theory of t h e  Delta Wing-Apex-Vortices and 

S h e e t s  en Cornet ."  - 
H.  Werle: "On t h e  Burs t ing  of t h e  Apex-Vortices of a Delta 

Wing a t  Low Speeds." 
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t r e a t e d  by Poisson-Quinton and E r l i c h  i n  "Hyper- 

s u s t e n t a t i o n  e t  e q u i l i b r a g e  des  a i l e s  e l a n c e e s "  -- 
p r e s e n t e d  a t  an 0. N .  E .  R. A. Colloquium i n  

November, 1964. 

The paper  by Poisson-Quinton has  been t r a n s l a t e d  a s  

NASA TT F-9523 ( r e f e r e n c e  4 ) .  The papers  by Roy and Werle 

a r e  p r e s e n t e d  i n  t r a n s l a t i o n  i n  t h i s  r e p o r t .  

Maurice Roy i s  t h e  Director-General  of t h e  0. N. E .  R.  

A. H i s  pape r ,  "On t h e  t h e o r y  of t h e  d e l t a  wing -- Apex- 

v o r t i c e s  and sheets en c o r n e t " ,  d e s c r i b e s ,  i n  d e t a i l ,  t h e  - 
v o f t e x  s h e e t s  which s e p a r a t e  from t h e  s h a r p  leading-edge 

of  a t h i n  d e l t a  wing. These vo r t ex  s h e e t s  r o l l - u p  i n t o  

a h e l i c a l  - o r  cone-shaped vo r t ex  t h a t  i s  cornucopia-  

shaped and which a p p a r e n t l y  o r i g i n a t e s  a t  t h e  apex of t h e  

de l ta  wing. These v o r t i c e s ,  M r .  Roy terms ' ' co rne t s "  ( a f t e r  

t h e  French p a s t r y  c o r n e t s  which are small funnel-shaped 

p a s t r i e s ,  o f t e n  f i l l e d  w i t h  whipped cream).  Th i s  term i s  so 

d e s c r i p t i v e ,  t h a t  i n  t h e  t r a n s l a t i o n ,  i nc luded  i n  t h i s  

r e p o r t ,  it i s  p rese rved  and r e f e r e n c e  i s  made t o  v o r t e x  

s h e e t s  en c o r n e t .  
c 

H e  goes  t o  c o n s i d e r a b l e  l e n g t h  i n  d e s c r i b i n g  t h e  flow 

C ; , l r J  =vnll-r7 5 t h 4 n  F l - c  d r r l t %  ~.,<n- - . r i c h  m h % v m  l n = A < n m -  
L A L A U  U I V U A A U  U L A & & & & #  L A = &  U G A L U  V V A A A y  " V A L * &  e A A U L y  A L - W A A A y  

edges  o p e r a t i n g  a t  a p o s i t i v e  a n g l e  of  a t t a c k .  The a n a l y s i s  

can be summarized as fo l lows:  There i s  produced, on both  

t h e  upper  and lower s u r f a c e s ,  a t r a n s v e r s e  flow. The p r e s s u r e  
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INTRODIJCTI ON 

During t h e  p a s t  two y e a r s ,  s t u d i e s  of d e l t a  wings 

have been c a r r i e d  on a t  Wichi ta  S t a t e  U n i v e r s i t y  under 

NASA g r a n t s .  These s t u d i e s  inc luded  e x t e n s i v e  expe r imen ta l  

s t u d i e s  of t he  f l o w  f i e l d s  about  d e l t a  and doub le -de l t a  wings 

conducted a t  l o w  speed and r e p o r t e d  by Wentz i n  r e f e r e n c e s  

1 and 2 .  A l s o  a review of t h e  l i t e r a t u r e  was made by Razak 

and Snyder ( r e f e r e n c e  3 ) .  

I n  t h e  cour se  of t h i s  work, i t  became e v i d e n t  t h a t  

t h r e e  impor tan t  concepts  i n  t h i s  f i e l d  had been t r e a t e d  i n  

papers  publ i shed  by L ' O F F I C E  NATIONAL D'ETUDES ET DE RECHERCHES 

AERONAUTIQUES (0. N .  E .  R. A . )  of  France.  These concepts  are: 

(1) The geometry of t h e  v o r t e x  sheet which s e p a r a t e s  

from t h e  s h a r p  leading-edge of a t h i n  d e l t a  wing - 
t r e a t e d  by Maurice Roy i n  "Sur  l a  t h e o r i e  d e  l ' a i l e  

i n  d e l t a " ,  pub l i shed  by 0. N .  E.  R. A. i n  February ,  

1 9 5 7 .  

( 2 )  The " b u r s t i n g "  of t h e  v o r t i c e s  above d e l t a  wings - 
t reated by H. Werle i n  "Sur  L ' ec l a t emen t  des  

t o u r b i l l o n s  d ' apex  d ' u n e  a i l e  d e l t a  aux f a i b l e s  

v i t e s s e s , "  pub l i shed  by t h e  0. N.  E .  R. A. i n  

1 9 6 0 .  

( 3 )  L i m i t a t i o n  t o  t h e  v a l u e  of l i f t - c u r v e  s l o p e  due t o  

v o r t e x  b u r s t i n g  and a method f o r  p r e d i c t i n g  l ift - 
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f i e l d  causes  t h e  f l u i d  t o  f l o w  around t h e  s h a r p  leading-edge 

from t h e  lower s u r f a c e .  This  s h a r p  leading-edge c o n s t i t u t e s  

a s i n g u l a r  p o i n t  i n  t h e  t r a n s v e r s e  p l a n e  - a p o i n t  which cannot  

e x i s t  i n  a real  f l u i d  flow f i e l d .  

f l u i d )  s e p a r a t e s  from t h e  s u r f a c e  a t  o r  n e a r  t h e  leading-edge 

forming v o r t e x  f i l a m e n t s  which c o n s t i t u t e  a vortex s h e e t .  

The s u r f a c e  f l u i d  ( p a r i e t a l  

T h i s  v o r t e x  s h e e t  wraps-up e n  c o r n e t ,  p rov id ing  an e x t e n s i o n  

of t h e  t h i n  wing and t e rmina t ing  i n  a b o u r r e l e t  t o u r b i l l o n -  

n a i r e  margina l  de l a  nappe - a v o r t e x  pad ( o r  bubble) edge of 

t h e  s h e e t .  Th i s  phenomenon, which i s  a l s o  d e s c r i b e d  as 

" t h e  padded margina l  edge of t h e  s h e e t , "  i s  r e a l l y  a r o t a t i o n a l  

c o r e  of t h e  wrapped-up vor tex  sheet. 

- 

-- 

I n  t h e  pape r ,  Roy a t t e m F t s  t o  mathemat ica l ly  d e s c r i b e  

t h i s  a c t u a l  f low f i e l d  ( f i g u r e  I-a) w i t h  r e s u l t s  t h a t  a r e  

n o t ,  a t  p r e s e n t ,  u s e f u l .  I n  c o n t r a s t ,  Brown and Michaels 

approximated it wi th  a s i m p l i f i e d  p a t t e r n  ( f i g u r e  I -b)  b e f o r e  

d e s c r i b i n g  t h e  f i e l d  mathemat ica l ly  w i t h  q u i t e  u s e f u l  r e s u l t s .  

Although Roy refers t o  " . . . p a r t i c u l a r  phenomena which 

appea r  n e a r  t h e  t i p s  ... of t h e s e  wings as w e l l  a s  i n  c e r t a i n  

r e g i o n s  of t h e i r  t r a i l i n g - e d g e , . . . " ,  he  then  ignores  t h e s e  

phenomena and concerns  himself on ly  w i t h  t h e  ' I . . .  t w o  symmetric 

v o r t i c e s  coming e s p e c i a l l y  from t h e  apex and Coming, abvve 

t h e  upper  s u r f a c e ,  a vee . . . " .  I n  so doing ,  Roy has ignored  

t h e  secondary v o r t i c e s .  F igu res  I1 and 111, taken  from 

r e f e r e n c e  3 ,  show schemat ic  r e p r e s e n t a t i o n s  of t h e  secondary 

v o r t e x .  
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Wentz measured t h e  e f f e c t  of t h e  secondary v o r t e x  by 

i n t e g r a t i n g  t h e  c i r c u l a t i o n  about  p a t h s  which inc luded  and 

excluded t h i s  vo r t ex .  H e  r e p o r t e d ,  i n  r e f e r e n c e  2 ,  t h a t  

t h e  v a l u e  of c i r c u l a t i o n  determined by performing an i n t e g r a -  

t i o n  a long  a c l o s e d  p a t h  which excluded t h e  secondary " r e v e r s e d "  

v o r t e x  was l a r g e r  t han  t h a t  obtained by choosing a pa th  of 

i n t e g r a t i o n  which inc luded  t h e  secondary v o r t e x .  The l a t t e r  

v a l u e  i s  t h a t  corresponding t o  measured l i f t  of t h e  wing. 

"Flow f i e l d  measurements g e n e r a l l y  confirm t h e  

p a t t e r n s  assumed i n  t h e o r e t i c a l  models e x c e p t  f o r  t h e  p re sence  

of a secondary,  r e v e r s e d  v o r t e x .  Vortex s t r e n g t h  v a l u e s  

and v o r t e x  spans a r e  c o n s i d e r a b l y  less t h a n  t h o s e  p r e d i c t e d  

by mathematical  models. The  r e v e r s e d  v o r t e x  does n o t  

appear  t o  be of s u f f i c i e n t  magnitude t o  account  f o r  t h e  

d i sc repancy  between t h e o r y  and experiment .  The o n s e t  of 

v o r t e x  c o r e  breakdown and a t t e n d a n t  reduced c i r c u l a t i o n  

s e e m  t o  be r e s p o n s i b l e  f o r  t h e  g r e a t e s t  d i sc repancy  between 

experiment  and t h e o r y .  'I - ( 2 )  

H.  Werle, i n  "On t h e  b u r s t i n g  of  t h e  apex-vor t i ce s  of 

a d e l t a  wing a t  l o w  speeds ' ' ,  p r e s e n t s  an e x c e l l e n t  s t u d y  of 

t h e  " b u r s t i n g "  o r  "exp los ion"  of t h e  v o r t e x  s h e e t  5 cornet  

above t h e  wing s u r f a c e .  Th i s  phenomenon i s  c a l l e d  " v o r t e x  

breakdown" by many a u t h o r s .  The te rms  " b u r s t i n g "  and v o r t e x  

"breakdownf1 a r e  mis l ead ing  i n  t h a t  t h e y  imply a more o r  less  

complete d i s o r g a n i z a t i o n  of t h e  f low w i t h  immediate d i sappea r -  

* 
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ance of c i r c u l a t i o n .  

Wentz has  sugges ted  t h a t  vor tex-core  f l a r i n e  i s  a more a c c u r a t e  

term t o  d e s c r i b e  t h i s  phenomenon. The r o t a t i o n a l  core of t h e .  

Th i s  d i s i n t e g r a t i o n  i s  n o t  what occur s .  

. v o r t e x  i n c r e a s e s  i n  d iameter ;  t h e  c i r c u l a t i o n  does n o t  immed- 

i a t e l y  d i s s a p p e a r ,  a l though t h e  ra te  of v i scous  d i s s i p a t i o n  

i n c r e a s e s .  

I n  " H y p e r l i f t  and Balancing of S lende r  Wings", P h i l l i p e  

Poisson-Quinton and E. E r l i c h  show t h e  e f f e c t  of t h e  f l a r i n g  

of t h e  v o r t e x  core on t h e  wing l i f t .  Reference 2 s t a t e s :  

" R e s u l t s  i n d i c a t e  t h a t  v o r t e x  c o r e  breakdown i s  t h e  

s o u r c e  of t h e  p r i n c i p a l  d i screpancy  between measured and 

t h e o r e t i c a l  l i f t .  The l i f t  p r e d i c t i o n  method of Poisson-  

Quinton accounts  f o r  t h e  breakdown and seems t o  be t h e  

m o s t  s a t i s f a c t o r y  method of  l i f t  p r e d i c t i o n  a v a i l a b l e  

p r e s e n t l y .  B e t t e r  d e f i n i t i o n  of  v o r t e x  core breakdown 

boundar i e s  f o r  non-del ta  s l e n d e r  wings and t h e  e f f e c t s  of 

breakdown on l i f t  w i l l  be r e q u i r e d  b e f o r e  l i f t i n g  p r e d i c t i o n  

f o r  s l e n d e r  sharp-edged wings i s  e n t i r e l y  s a t i s f a c t o r y . "  

The t r a n s l a t i o n  of Roy's paper  w a s  by P ro fes so r -  

Emer i tus  J a c q u e t t a  Downing, and of  t h e  Werle paper  by M i s s  

Nancy Razak. 
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SCHEMATIC DRAWINGS OF SEPARATED FLOW OVER 
SLENDER DELTA WINGS 

(a) ASSUMED FLOW FIELD 

'\.. . 

-\ 
(b) APPROXIMATED FLOW FIELD 

F i g u r e  1 
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Translation of: SUR LA THEORIE DE'LAILE EN DELTA--TOURBILLONS - 
D'APEX ET NAPPES EN CORNET 

From: La Recherche Aeronautique, No. 56 
_I 

Fevrier, 1957 

ON THE THEORY OF THE DELTA WING 

VORTICES FROM THE APEX AND SHEETS IN CORNET 

by 

Maurice Roy 

Member of the (French) Academy of Sciences 

Director-General of the O.N.E.R.A. 

1. INTRODUCTION 

For some time numerous works have been published in 

order to establish, for delta and other wings with extreme 

sweep-back, a simplified theory which may be in harmony 

with the peculiarities, more and more widely known, of the 

flow of air around wings of this sort. 

It is essentially of the scheme of this flow that I 

shall treat here with a view of utilizing it as a basis of 

theory. 

11 



The observation of the phenomena must necessarily pre- 

cede the elaboration of their theory. For at least six 

years I have given, through the O.N.E.R.A. ,  much emphasis on 

research on the visualization of these flows. In this 

manner (and thanks notably to the efforts and to the clever- 

ness of Mr. Werle who has emphasized, among others, the 

technique of opaque filaments or streaks, white or colored), 

the hydrodynamic tunnel at Chatillon, following my concep- 

tion, was used intensely and resulted in the valuable cross- 

checking of other attempts. These other efforts were expended 

in wind tunnels and were accompanied by visualization through 

the use of smoke, volatile liquids and wool tufts. 

In the hydrodynamic tunnel, especially, it was pos- 

sible to examine thoroughly some details which otherwise 

escape observation. Mr. Werle has already presented in 

Recherche Aeronautique, at two different times, some results 

of various studies of this kind. 

In passing, I emphasize that in this research there 

has been no ignoring of the considerable difference between 

the Reynolds' Numbers realized in these studies in the 

hydrodynamic tunnel and those relative to a real plane wing, 

even if the latter flies only at speeds at which the com- 

pressibility of the air is legitimately negligible. 

But with the necessary changes, these experiments 

furnish on the development of some phenomena, qualitative 

information that one might qualify (with some humor) by 

12 



saying that the colored streaks, are, in the experiments in 

question, intensely enlightened. 

2 .  THE SCHEME OF THE POTENTIAL FLOW FIELD 

The delta wing considered here is constituted by an 

angular sector of an infinite plane with the angle at the 

top being IT - 2 8 9 being the angle of sweepback. 
The relationship of the xyz axes to the wing are 

shown in Figure 1; the axis, x, is the longitudinal axis 

of the wing, positive in the downstream direction. The flow 

is assumed steady and the speed at infinity, 

angle of incidence and with no drag. The fluid is assumed 

incompressible and perfect. 

at the 
vO 

“I 

Figure 1 

The components u, v, w, of the relative velocity of 

motion, in a non-dimensional form, are: 

- 
(u/Vo) cos a = 1 + w; (V/Vo) cos a = x; 

(1) (W/Vo) cos a = T 

13 



L e t  us presume t h a t  t h e  f low i s  c o n i c  w i t h  r e g a r d  t o  

t h e  apex(;,)(, and 'I are  f u n c t i o n s  o n l y  of y/x and z/x)  and 

t h a t ,  i n  t h e  t r a n s v e r s a l  p l a n e ,  i n  which t h e  complex v a r i a b l e s  

Y Z 
x c o t p  <=x c o t @ '  5 ~n + i 5 ;  n = 

t h e  f low i s  s o l e n o i d ;  hypotheses  which are n o t  s t r i c t l y  

compa t ib l e ,  as  w i l l  be s t a t e d  l a t e r .  Then, t h e  normal ized  
- 

speed  (1 + w ,  x ,  T )  can be d e f i n e d  from a complex p o t e n t i a l  

f ( 5 )  such  a s :  
- x - i . r  5 d f /d  5; o = c o t 9  . R ( f  - 

The scheme of t h e  p o t e n t i a l  continuum carr ies  a long  i n  

t h e  t r a n s v e r s a l  p l a n e ,  a p l a n e  w i t h  t u r n i n g  a t  t h e  b o u n d a r i e s ,  

n = - + 1, of t h e  r e c t i l i n e a r  s e c t i o n  (-1, +1) of  t h e  ax i s  

n which r e p r e s e n t s  t h e  t r a n s v e r s e  s e c t i o n  o f  t h e  wing, o f  

which t h e  wing span ,  a t  t h e  side x i s  2b 3 2x c o t p  . 
i 0  

- 

I n  t h e  h a l f - p l a n e  s e c t i o n ,  rl = 0, where 5 : re  0 

var ies  from - ~ r / 2  t o  + ~ / 2 ,  t h e  p o t e n t i a l  i n  q u e s t i o n ,  f ( S )  

and t h e  reduced speed  maybe expres sed :  

i 5 2  -1 
w = R (  1 t a n  cr c o t e )  

The bottom and t o p  s u r f a c e s  of  t h e  wing, i n d i c a t e d  by 

t h e  i n d i c e s  e and r r  are  r e s p e c t i v e l y  d e f i n e d  by o 2 nei  5 1, 

Sei : e + ,  and t h e  normal ized  speeds  t a k e  t h e  v a l u e s :  - 



- - 0 ;  - t a n  a c o t P ;  w =  
e i  l e i  m e i  

(Lover s u r f a c e )  

/3 Extrados 
Y Y (Upper s u r f a c e )  

F igu re  2 

One deduces t h a t  t h e  t angen t  t o  t h e  p a r i e t a l  s t r e a m l i n e s  

- 

(streanlines of  t h e  f l o w  a long o r  a t t a c h e d  t o  t h e  s u r f a c e  - e d . )  

has  an i n c l i n a t i o n ,  t o  t h e  a x i s  x, of an ang le  8 (see f i g u r e  2 )  , 

such  t h a t :  

t a n  Bei 'ei 
I 1 + ;  

e i  

- n  
mtp + j (1 - q' c o t  a )  e i  

On t h e  upper s u r f a c e ,  t h e  p a r i e t a l  s t r e a m l i n e s  o r  boundary- -- 
s t r e a m l i n e s  l e a v e  ( i . e . ,  begin -ed.) o r t h o g o n a l l y  from t h e  

leading-edge and r u n  downstream toward i n f i n i t y  becoming 
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a s y m p t o t i c a l l y  p a r a l l e l  t o  t h e  - a x i s .  

On t h e  lower s u r f a c e ,  on t h e  o t h e r  hand, a l l  of  t h e  

s u r f a c e  s t r e a m l i n e s  beg in  a t  t h e  apex,  0. Some o f  t h e s e  end 

o r t h o g o n a l l y  a t  t h e  leading-edge.  The o t h e r s  run  downstream 

toward i n f i n i t y  becoming a s y m p t o t i c a l l y  p a r a l l e l  t o  t h e  x - a x i s .  

These t w o  c a t a g o r i e s  (of  f l o w  -ed . )  s e p a r a t e  a long  a rect i -  

l i n e a r  boundary i n c l i n e d  t o  t h e  x - a x i s  a t  an a n g l e ,  Bk,such 

t h a t  

-- 

t a n  = c o t p  J 

T h i s  l i n e  of d i v i s i o n  o f  p a r i e t a l  f low on t h e  lower 

s u r f a c e  e x i s t s  t h e n  ( t a n  8 ,  > 0) o n l y  i f  ci i s  s m a l l  enough 

so t h a t  t a n  ci remains smaller  t h a n  l / 2 ( s i n  2P). T h i s  l i m i t  

a t t a i n s  i t s  maximum f o r  t h e  p =  45O case-- i n t e r m e d i a t e  

between l a r g e  sweepback (p  > 45 ' )  and s m a l l  sweep (P< 45 ' ) .  

I t  i s  unders tood  t h a t  large a n g l e s  o f  a t t a c k  shou ld  n o t  

be cons ide red  because  t h e  t h e o r i e s  o f  l i f t  and o f  p r e s s u r e  

d i s t r i b u t i o n  on  t h e  wings are o n l y  f o r  r a t h e r  s m a l l  a n g l e s  

of a t t a c k .  

I n  any case, t h e  p a r i e t a l  s t r e a m l i n e s  of t h e  lower 

s u r f a c e  a t  t h e  lead ing-edge  co r re spond  t o  a t u r n i n g  of 

t h e  a d j a c e n t  f l u i d  around t h e  lead ing-edge ,  a t  r i q h t - a n g l e  - 
t o  t h e  lead inq-edge ,  and w i t h  i n f i n i t e  speed  and t h e r e f o r e ,  -- -- 
w i t h  a n e g a t i v e  i n f i n i t e  p r e s s u r e .  

I n  t h i s  scheme, a p o t e n t i a l  f l o w  f i e l d  i n  which t h e r e  



is  a cont inuous  flow around t h e  leading-edge,  and which, 

i n  t h e  l o c a l  p l ane ,  i s  pe rpend icu la r  t o  t h i s  i r r o t a t i o n a l  

f low of a p e r f e c t  incompress ib le  f l u i d ,  i s  analagous t o  t h e  

- 

- p r e s e n t  p l ane  l e a v i n g  t h e  contour  of t h e  edge of a s l e n d e r  

p l a n e  a t  an ang le  of a t t a c k  which i s  no t  zero .  Consequently,  

one f i n d s  aga in  t h e  s i n g u l a r i t i e s ,  o r  " p h y s i c a l  a b b e r a t i o n s " ,  

o f  t h e  r e c t i l i n e a r  p r o f i l e  theory  a s  w e l l  a s  t h e  n e c e s s i t y  

of a t h e o r e t i c a l  e f f e c t  of s u c t i o n  on t h e  leading-edge,  w h i l e ,  

i n  r e a l i t y ,  a s imple  detachment,  o r  " s e p a r a t i o n , "  w i l l  a r i s e  

a long  t h e  l e n g t h  of t h e  leading-edge. 

Then, on t h e  upper s u r f a c e ,  t h e  f low which i s  pour ing  

o u t  from t h e  lower s u r f a c e ,  a t  r i g h t  a n g l e  t o  t h e  l ead ing -  

edge would u n i t e  i n  a zone of r e v e r s e  motion remaining 

p r a c t i c a l l y  s t a t i o n a r y  along t h e  l e n g t h  of t h i s  leading-edge. 

T h i s  zone would t h u s  c o n s t i t u t e  a w h i r l i n g  bu lb  (or bu lge )  

l eng then ing  t h e  leading-edge on t h e  upper s u r f a c e .  

t o  such a bu lge  t h a t ,  i n  t h i s  case, t h e  B r i t i s h  denomination 

of  "bubble" appea r s  t o  correspond.  

I t  i s  

F i g u r e  3 r e p r e s e n t s ,  on t h e  who le ,  t h e s e  c h a r a c t e r i s t i c s  

of t h e  envisaged  flow. 

3 .  APEX VORTEX AND VORTEX SHEET EN CORNET - 

env i saged  p r i m a r i l y  because it i s  c l a s s i c  and h e l p f u l  

i n  b r i n g i n g  o u t  t h e  fundamental c h a r a c t e r i s t i c s ,  and 

f u r t h e r  it i s  ve ry  s imple .  However, it does n o t  cor respond 

_. t o  r e a l i t y ,  e x c e p t  perhaps f o r  some very  sma l l  ang le s  of 

--- 
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i n c i d e n c e  i n  which I doubt  t h e r e  i s  much i n t e r e s t  i n  con- 

s i d e r i n g .  L e t  u s  s e a r c h ,  t h e n  f o r  a p r e f e r a b l e  scheme of  

g r e a t e r  value.  

Bourrele t - 

Fig. 3. 

For  a t h i n  w i n g  having  d e l t a  planform, w i t h  l ead ing -  

edges  r a t h e r  s h a r p ,  t h e  f low around t h e  f r o n t  o f  t h e  wing 

( w i t h  t h e  r e g i o n  su r round ing  t h e  apex p robab ly  be ing  an 

e x c e p t i o n )  i s  ve ry  ana logous  t o  t h e  r e l a t i v e  f low i n  t h e  

i n f i n i t e  d e l t a .  

A t  t h e  0. N.  E. R. A. t h e  many tes ts  i n  t h e  t u n n e l  

which have been performed i n  1950-51  on wings w i t h  l a r g e  

sweepback and w i t h  p lanforms more o r  less l i k e  t h a t  of 

t h e  de l t a ,  have made it e v i d e n t  t h a t  t h e r e  i s  a fo rma t ion  

o f  zones o f  v o r t i c e s  which deve lop  above t h e  wing and 



which s t a r t  a t  t h e  apex. These zones a r e  r a t h e r  d i s t i n c t l y  

e v i d e n t  a s  soon a s  t h e  ang le  of a t t a c k  reaches  about  6 t o  9 

deg rees  f o r  sweepback a n g l e s  g r e a t e r  t han  45 degrees .  

I n  1951-52 ,  as I have mentioned above, I had a r a t h e r  

c o n s i d e r a b l e  e f f o r t  developed i n  o r d e r  t o  v i s u a l i z e ,  through 

v a r i o u s  means, t h e  f lows i n  ques t ion .  Apart  from t h e  p a r t i -  

c u l a r  phenomena which appear  n e a r  t h e  t i p s  o r  marg ina l  ex- 

tremities of t h e s e  wings as w e l l  as i n  c e r t a i n  r e g i o n s  of 

t h e i r  t r a i l i n g - e d g e ,  t h e  ensemble of t h e  v o r t i c e s  of t h e  

upper  s u r f a c e  appeared,  f o r  s e v e r a l  o b s e r v e r s ,  t o  be summed 

up in two symmetric v o r t i c e s  coming e s p e c i a l l y  from t h e  apex 

and forming, above t h e  upper s u r f a c e ,  a "vee" l y i n g  i n  a p l ane  

less i n c l i n e d  t o  t h e  f ree-s t ream v e l o c i t y  d i r e c t i o n  t h a n  t h e  

wing, and less open t h a n  t h e  I'vee" formed by t h e  r e c t i l i n e a r  

lead ing-edges .  

Observing t h a t  t h e s e  v o r t i c e s  can only be f e d  and 

s t r e n g t h e n e d  g r a d u a l l y  by the  ambient f low,  I have deduced 

from t h e  c o l l e c t i o n  of experiments  t h e  r e p r e s e n t a t i o n  of t h e  

f low i n  q u e s t i o n  by two s h e e t s  e n  cornet accoi4iiiy to t h e  

s k e t c h e s  of f i g u r e  4 .  

- 

V 

- 1  

Fig. 4. 



1 Some r e c e n t  p u b l i c a t i o n s  use  some schemes which appear  

t o  p r e s e n t  a r a t h e r  s t r i k i n g  analogy t o  my ' 'nappes e n  c o r n e t "  

( s h e e t s  i n  c o r n e t ) .  I n  o r d e r  t o  e s t a b l i s h  a mat ter  of  

precedence ,  I r e c a l l  t h a t  i n  1952 I expounded t h i s  concep t ion  

i n  t h e  fo l lowing  terms: 2 

" t h e  two p r i n c i p a l  apex v o r t i c e s  appea r  t o  m e  t o  a r i s e ,  

f o r  each  half-wing, r o l l i n g  up - en c o r n e t  from a v o r t e x  s h e e t  

be ing  de tached  from t h e  upper  s u r f a c e ,  almost o r t h o g o n a l l y  

t o  t h e  l a t t e r  and a long  an a lmost  s t r a i g h t  l i n e  running  

from t h e  apex; t h i s  l i n e  i s  more o r  less close t o  t h e  l ead ing -  

edge and c o n s t i t u t e s  t h e  trace on t h e  upper  s u r f a c e  o f  a v o r t e x  

"boundary-wall" between t h e  two streams of  t h e  lower and upper  

s u r f a c e s .  I' 

The movement o f  t h e s e  streams w a s  s t a t e d  as fo l lows :  

The upper  s u r f a c e  stream f a l l i n g  downward a l o n g  from t h e  

upper  s i d e  of t h e  apex of t h e  " ta i l -down arrow-shape," 

which c o n s t i t u t e s  t h e  wing be ing  s t u d i e d ,  d i v e r t s  l a t e r a l l y  

i n  l eng then ing  streams downstream on t h e  wing; e q u a l l y  

d i v e r t e d  l a t e r a l y ,  t h e  f low on t h e  l o w e r  s u r f a c e  i s  caused  

t o  b reak  (away from t h e  s u r f a c e  -ea) i n  t u r n i n g  around t h e  

leading-edge toward t h e  upper  s u r f a c e .  

1. One can c i t e ,  n o t a b l y ,  a s t u d y  o f  D .  Kuchemann 
( r e p o r t  no. Aero 2540, Apr. 1955, B r i t .  R . A . E . ) .  

2 .  C f .  M. Roy, C h a r a c t e r i s t i c s  of t h e  f low around 
a wing w i t h  extreme sweepback. ( C .  R .  a t  t h e  
Academy o f  S c i e n c e ,  J u n e  2 3 ,  1952 . )  



Figure  5 

The d i f f e r e n c e  between t h e  l i n e  of s e p a r a t i o n  c i t e d  

above, o r  t h e  l i n e  of d e p a r t u r e  of t h e  vo r t ex  s h e e t  en  corne t ,  

and t h e  geometr ic  l i n e  of t h e  leading-edge i s  t h e  f u n c t i o n  

of t h e  r a d i u s  of c u r v a t u r e  of t h e  p r o f i l e  of t h i s  lead ing-  

edge. 

- 

I n  p a r t i c u l a r ,  t h i s  d i f f e r e n c e  i s  reduced i n  pro- 

p o r t i o n  t o  t h e  r e d u c t i o n  i n  t h i s  r a d i u s  of c u r v a t u r e  ( f i g u r e  

5 ) ,  and i t  t e n d s  towards zero when t h e  p r o f i l e  i s  th inned  

down and approaches a l i n e ,  and t h e  leading-edge becomes 

s h a r p  and, p r e f e r a b l y ,  t apered .  

T h i s  concept  w a s  brought o u t  b e f o r e  i n  s e v e r a l  

p u b l i c a t i o n s ,  e s p e c i a l l y  i n  t h e  "Recherche Aeronaut ique" 

by R. Legendre i n  1953 (no. 31 )  and by H.  Werle i n  1954 

(no. 4 1 ,  p. 1 9 ) .  A concept  a lmost  i d e n t i c a l  w a s  adopted 

by C.  E. Brown and W. H.  M i c h a e l  i n  a ve ry  i n t e r e s t i n g  paper  

( J o u r .  A e r o .  S c i . ,  O c t .  1954, cf .  e s p e c i a l l y  page 7 9 2 ,  

f i g .  1) i n  r e f e r r i n g  t o  t h e  work o f  R.  Legendre,  b u t  w i t h -  

o u t  ment ioning t h e  o r i g i n  of my scheme of v o r t e x  s h e e t  
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e n  c o r n e t .  - 
I n  o r d e r  t o  i l l u s t r a t e  t h e  preceding  by v i r t u e  o f  a 

simple example, f i g u r e  6 p r e s e n t s  t h e  v i s u a l i z a t i o n ,  by 

milky s t r e a k s ,  of  t h e  f low on t h e  under  s u r f a c e  (a = 20')  

and on t h e  upper  s u r f a c e  ( a  = 11') of  a d e l t a  wing ( +  = 60')  

f l a t  and t h i n ,  w i t h  a s h a r p  leading-edge.  The d i v i s i o n  of 

t h e  s t r e a n l i n e s  a d j a c e n t  t o  t h e  lower s u r f a c e  and t h e  

w h i r l i n g  motion ( v o r t e x )  of t h e  s h e e t  - e n  c o r n e t  on t h e  

upper  s u r f a c e  a re  p a r t i c u l a r l y  r e c o g n i z a b l e  i n  t h e s e  two 

p i c t u r e s .  

I 

I 

Lower s u r f a c e  ( a = 2 O o )  Upper s u r f a c e  (a=1l0) 

F i g u r e  6 

4 .  PSEUDO-FLOW TRANSFORWTION 

L e t  u s  c o n s i d e r  t h e  l i n e s  t a n g e n t  t o  t h e  components Of 

t e  speed  s i t u a t e d  i n  t h e  t r a n s f o r m a t i o n  p l a n e ,  x = C . They 

a re  t r e a t e d  con t inuous ly  a s  s t r e a m l i n e s  of t h e  " t r a n s f o r m a t i o n  



flow". 

f low,  due t o  t h e  f a c t  t h a t  t h e  f low i s  n o t  s o l e n o i d a l .  

I n  r e a l i t y ,  it i s  a q u e s t i o n  of  a psuedo t r a n s v e r s a l  

- 
I n  f a c t ,  i n  incompress ib l e  f low,  as i t  i s  e v i s a g e d  h e r e ,  - - 

t h e  d ive rgence  o f  t h e  speed ,  which i s  t r ans fo rmed  i s  n o t  

z e r o ,  s i n c e :  
au av aw 

ay a z  ax 
h +- = -- 

and au/ax canno t  be i d e n t i c a l l y  z e r o  i n  t h e  assumed h y p o t h e s i s  

o f  c o n i c i t y .  

L e t  us  v e r i f y  t h i s  by c a l c u l a t i n g  E. au 

The p r e v i o u s l y  d e f i n e d  n o t a t i o n s  w i l l  be used: 

One h a s ,  i n  t h e  r e g i o n s  of i r r o t a t i o n a l i t y - - t h a t  i s  t o  s a y ,  

o u t s i d e  of t h e  v o r t e x  s h e e t s  o r  o f  v o r t e x  cores--  

an  e x p r e s s i o n  i n  which i t  can be seen  t h a t  t h e  second member 

c a n n o t  be, g e n e r a l l y  and everywhere,  zero,  no r  even n e c e s s a r y  - 
n e g l i g i b l e  w i t h i n  appz-axir,ate L L . r r r r v 4  L I I C W I .  A G O .  -e 

T h i s  second te rm,  compared t o  t h e  d ive rgence  of  t h e  

t r a n s f o r m a t i o n  speed  av/ay + au/az,  i s  o f  t h e  o r d e r  c o t 2  9 ;  

i n  t h i s  way it approaches ze ro  as 9 t e n d s  t o  ~ / 2 .  
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From this one can also conclude that in incompressible 

fluid the transversal psuedo-flow necessitates a distribution, 

in its plane,of sources or sinks. In a certain way of 

approximating, one can imagine that sources and sinks may 

be everywhere negligible. In fact this manner most authors 

have followed up to this point. 

For my part, and as I have expressed in 1953 at 

Goettingen at the Annual Assembly, in that city, of 

Wissenschaftliche Gesellschaft fur Luftfahrt, I consider, 

on the contrary, that a more acceptable scheme than the 

transversal psuedo-flow must allow some distribution, at 

least concentrated, of sources and sinks. In my communication, 

at that time, which has not been published for financial rea- 

sons, I had hypothesised this distribution on the lower surface-- 

combining two sinks with the two vortices of the lower surface 

and in joining compensating sources in the plane of symmetry 

zx of the flow. 

One can envisage that sources (or sinks) which corres- 

pond to the fact that au/ax is not rigorously zero in the 

entire transversal plane, may be everywhere negligible. Al- 

though their effect may be summarized, even in the vicinity 

of the wing, as being equivalent to a certain distribution of 

sources (or sinks) concentrated in certain points or certain 

lines. In any case, if one admits the existence of a sheet, 

conical as a natural consequence of the admitted conic 



a f f i n i t y ,  f o r  t h e  e n t i r e  flow, of f ree  v o r t i c e s  

f u r t h e r  on t h a t  t h e  s e c t i o n  of such a sheet mus 

by a l i n e  of vo r t ex  s i n k s  (or s o u r c e s ) .  

one 

t be 

w i l l  show 

r e p r e s e n t e d  

F i g u r e  7 

Here, l e t  us remark tha t  t h e  shedding of t h e  lower- 

s u r f a c e  f l o w ,  a long t h e  l eng th  of t h e  leading-edge of t h e  

wing t h a t  w e  are  c o n s i d e r i n g ,  n e c e s s i t a t e s ,  i n  t h e  p l a n e  5 

of t h e  t r a n s v e r s a l  psuedo-flow 

l i n e  .a) s k i r t i n g ,  a t  some d i s t a n c e ,  t h e  leading-edge and 

t e r m i n a t i n g  on t h e  upper s u r f a c e  on t h e  p o s i t i v e  side of t h e  

a x i s  6 a t  a p o i n t  C l e ( f i g u r e  7 ) .  

-- - 
t h e  e x i s t e n c e  of a boundary -- -' 

The a r e a ,  v, bounded by t h e  a x i s  { and t h e  l i n e  (&) 

on t h e  side 5 > 0 i s  supp l i ed  through a l i m i t e d  passage  from 

p o i n t s  A1 t o  A '  on t h e  a x i s  and t h u s  r e c e i v e s  a r ea l  supply 1 
i0f f l u i d  -ea.; - - L 2  -L I___ 

WII.LC;II  ruust be aksorbzd by SGIilS s i i l k s ,  distri- 

buted o r  c o n c e n t r a t e d  i n  t h e  area, 9. 
for t h e s e  s i n k s ,  one  must conceive i n  t h e  p l a n e ,  6 ,  and 

e x t e r i o r  t o  t h e  a r e a ,  

I n  compensation 

t h e  e x i s t e n c e  of e q u i v a l e n t  sou rces ,  

25 



d i s t r i b u t e d  or concen t r a t ed .  I n  f a c t ,  when one i s  e s p e c i a l l y  

ccsncerned w i t h  e v a l u a t i n g ,  w i t h  a convenient  approximation,  

t h e  speeds and p r e s s u r e s  - -  on a wing --- and i n  t h e  wing’s  - v i c i n i t y ,  

it i s  n o t  p r o h i b i t e d ,  by a p r i n c i p a l  p r e v i o u s l y  used,  t o  

move t h e  compensating s o u r c e s  i n  q u e s t i o n  toward i n f i n i t y  t o  

pe rmi t  t h e  u s e  then  of s t e a d y  p o t e n t i a l  f low and of t h e  

normalized speed.  

Moreover, as w i l l  be seen ,  t h e  sheet - en c o r n e t  and t h e  

c o n i c  d i s t r i b u t i o n  of v e l o c i t y  involved  w i t h  it a s s o c i a t e s  

n e c e s s a r i l y  some weak s o u r c e s  o r  s i n k s  w i t h  t h e  weak v o r t i c e s  

which  c o n s t i t u t e  t he  sheet. 

I /’ / 

F i g u r e  8 

5. EQUATION O F  THE SHEET - EN CORNET 

I n  t h e  p l a n e  5 ( f i g u r e  8 )  and on t h e  t r a n s v e r s a l  s e c t i o n  

of t h e  sheet i s s u e d  from t h e  leading-edge a t  t h e  r i g h t  A1 

( r l  = +I), l e t  us  d e s i g n a t e  a c u r v i l i n e a r  c o o r d i n a t e  system 



a t  t h e  flow p o i n t  ( M ,  “downstream” from A )  and name t h e  two 

a x i s  F and ii which a r e  o r i e n t e d  along t h e  d i r e c t i o n  t angen t  

and normal t o  t h e  c u r v i l i n e a r  s e c t i o n  i n  q u e s t i o n ,  t h e  

p l ane  ( s ,  n) being i t s e l f  o r i e n t e d  i n  t h e  same sense  a s  t h e  

p l a n e  ( r l ,  5). L e t  u s  p l a c e  t h e  i n d i c e s  e and i t o  d e s i g n a t e  

t h e  two f a c e s  of t h e  s h e e t  w h i c h  extend t h e  upper (e) and 

lower (i) s u r f a c e s  of t h e  wing. A t  t h e  flow p o i n t  M on t h e  

s h e e t :  G (9) = Oo - O,, 
G’ (9) E dG/ds = v ~ ,  - o,,, (‘1) 
6 (s) = On. - v.,. 

V and V d e s i g n a t e  t h e  components, a long  t h e  s and n axes ,  

of t h e  normalized v e l o c i t i e s  ( x ,  T), which is d e r i v e d  from 
S n 

t h e  v e l o c i t y  p o t e n t i a l  @ (q, 5). 

According t o  t h i s  d e f i n i t i o n ,  f o r  a p o s i t i v e  e l e m e n t ,  

ds ,  of t h e  shee t :  

( 4 ’ d s )  r e p r e s e n t s  t h e  c i r c u l a t i o n  d i r e c t e d  around 

t h e  element  d s .  

(6ds) r e p r e s e n t s  volume of f low of t h e  f l u i d  e m i t t e d  

a l b e g r a i c a l l y  by t h e  element ds of a c o n i c  s l i c e  of 

t h e  s h e e t  of which t h e  h e i g h t ,  r e l a t i v e  t o  t h e  x a x i s ,  

i s  u n i t y .  

L e t  u s  d e s i g n a t e  f i n a l l y  by rs and rn t h e  components of t h e  

r a d i u s - v e c t o r  ?% of t h e  axes and n. 
An e a s y  c a l c u l a t i o n  shows t h a t  t h e  c o n d i t i o n  of tangency 

Of t h e  v e l o c i t y  of  t h e  vo r t ex  s h e e t  a t  t h e  two f a c e s ,  i s  

e x p r e s s e d  by t h e  double  r e l a t i o n :  
(5) (Qnld (1 + mat) rn cotg 9. 

Taking i n t o  account  ( 2 )  and ( 4 )  , one has:  
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tg 'p 
rT, + tg' 'p 

no - = ( G  - a'r,) 
Then s u b t r a c t i n g  from ( 5 )  : (6) 

rfl  . 
4 + tB* 'p 

8 = On, - o,,, = (G  - G'r,) 

According t o  B e r n o u l l i ' s  l a w  w e  can s t a t e  t h a t  t h e  

p r e s s u r e  i s  con t inuous  through t h e  s h e e t  (P  = pi) , g i v i n g  e 
t h e  equa t ion :  

T h i s  r e l a t i o n  is  f i n a l l y  p u t  i n  t h e  form: 

Equat ion  ( 7 )  o f  o u r  v o r t e x  s h e e t  - en c o r n e t  i s  an i n t e g r o -  

d i f f e r e n t i a l  e q u a t i o n  o f  a p e c u l i a r  s t y l e ,  and it i s  n o t  

c lass ic  up t o  t h i s  t i m e .  I n  c o n s i d e r i n g  it, f o r  example,  

G ( s )  , t h e  unknown f u n c t i o n ,  e n t e r s  i n t o  t h e  e x p r e s s i o n  through 

i t s e l f ,  through i t s  d e r i v a t i v e ,  and th rough  i t s  i n t e g r a l s  

of t h e  second o r d e r  and of t h e  f i r s t  o r d e r  e x p r e s s i n g  Q i  ( s )  

and u ( s )  beginning  w i t h  G ' ( s )  and r ( s ) .  
S i 
Another unknown i s  t h e  "form" o f  t h e  s h e e t ,  t h a t  i s  t o  

s a y ,  t h e  f u n c t i o n s  r ( s )  and r n ( s ) ,  o r ,  i f  one p r e f e r s ,  t h e  . s  

f u n c t i o n  s ( n )  which d e f i n e s  i t  i n  t h e  p l a n e  5. Of c o u r s e l  

i n  a d d i t i o n  t o  t h e  e q u a t i o n  ( 7 )  e x p r e s s i n g  t h e  c o n t i n u i t y  

of t h e  p r e s s u r e  th rough  t h e  s h e e t  _. e n  c o r n e t ,  one d i s p o s e s  

of t h e  t w o  e q u a t i o n s  ( 5 )  e x p r e s s i n g  t h e  tangency  of t h e  



f l o w  of t h e  upper s u r f a c e  and lower s u r f a c e  (prolonged)  t o  

t h i s  s h e e t .  

d e f i n e d  by ( 4 )  , t h e  f u n c t i o n  6 ( s )  , i n  i t s e l f  cons ide red  then  

. a s  known from G ( s )  and from ~ ( n )  - O r  r s ( S )  and r n ( S ) t  

which fo l low from 5 (n)  I - it i s  only  necessa ry  t o  add t o  

( 7 )  t h e  s i n g l e  e x i s t i n g  equat ion  (5). This  su f f i ces  t o  

de termine  t h e  t w o  unknown f u n c t i o n s  G ( s )  and c ( n ) ,  on t h e  

c o n d i t i o n  t h a t  one c o n s i d e r s  a s  n e g l i g i b l e  t h e  sources  

d i s t r i b u t e d  i n  t h e  p l a n e ,  6 ,  o u t s i d e  t h e  s h e e t ,  and t h e n  t h a t  

o n e , r e d u c e s  the  ensemble of compensating sources  of t h e  

If one cons ide r s  one of t h e s e  e q u a t i o n s  a s  

v o r t e x  s i n k s  of t h e  sheet en  c o r n e t  t o  a s i n g l e  source  a t  

i n f i n i t y .  Here t h e  sou rces  and s i n k s ,  t h e  compensators,  a r e  

bo th  cons ide red  i n  t h e  a l g e b r a i c  sense .  

can be w r i t t e n :  

- 

The equa t ion  (5) 

= + ( O i  -vs r -rn rn) c o t p ]  rn c o t p  
i S i 

I n  order t o  be b r i e f ,  I s h a l l  n o t  d i s c u s s  h e r e  t h e  

obv ious ly  e s s e n t i a l  q u e s t i o n  of whether  t h e r e  e x i s t s  a 

complete  s o l u t i o n  of t h e  equa t ion  ( 7 ) .  Nor s h a l l  I d i s c u s s  

t h e  f a c t  t h a t  i f  such a s o l u t i o n  i s  unique,  t h e  f l o w  

becomes p e c u l i a r  a t  i n f i n i t y  where  t h e  compensator sou rces  

of t h e  f low f i c t i c i o u s l y  a r e  p l aced ,  i n  t h e  p l a n e  6 ,  by 

t h e  assembly of t h e  v o r t e x  s h e e t s  en c o r n e t .  - 
I s h a l l  o n l y  remark t h a t ,  i f  one f o l l o w s  c o n t i n u a l l y  
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t h e  t r a c e  of t h e  sheet ,  i n . t h e  p l a n e  6 ,  from t h e  leading-  

edge,  A l ,  f o r  a wing wi th  a p o s i t i v e  ang le  of a t tack :  

G ( s )  dec reases  c o n t i n u a l l y ,  b u t  r ema ins  p o s i t i v e  up 

t o  t h e  pas s ing  of t h e  f r e e  edge of t h e  s h e e t .  

-- 

G ' ( s )  i s  always n e g a t i v e ,  and a t  f i r s t  s m a l l .  

r ( s )  a t  f i r s t  p o s i t i v e ,  q u i c k l y  becomes zero, f o r  
S 

t h e  s h e e t  f o l d s  back on i t s e l f  i n  a very  s h o r t  

space -- t h e n  becomes n e g a t i v e .  

r changes s i g n  each time t h a t  t h e  r a d i u s - v e c t o r  S - 
OM becomes normal t o  t h e  trace of t h e  s h e e t ,  t h a t  

i s  t o  s a y ,  a f t e r  each r o t a t i o n  of 1 8 0  deg rees  of 

t h e  d i r e c t i o n  t a n g e n t  s of t h e  t r a c e .  

The re fo re ,  a t  l e a s t  f o r  t h e  i n i t i a l  p o r t i o n  of t h e  s h e e t  

i n c l u d e d  between A1 and t h e  t angen t  f u r t h e s t  t o  t h e  l e f t  of 

t h e  o r i g i n  0 of  t h e  p l ane  5 ( r e f e r  t o  f i g u r e  8), t h e  fac tor  

(G - G ' r  ) t h e  6 i s  c e r t a i n l y  p o s i t i v e ,  t h a t  i s ,  6 has  

t h e  s i g n  of rn. 

i s  e f f e c t i v e l y  r e p r e s e n t e d ,  i n  a necessa ry  manner, by a 

d i s t r i b u t i o n  of  vo r t ex - s inks .  

S 

This  s i g n i f i e s  t h a t  t h e  sheet end, a t  l eas t ,  

If t h e  s h e e t  f o l d s  back more, t h a t  i s ,  i f  t h e  r o l l i n g  

- e n  c o r n e t  (or  "wrapping-up" -ed. ) c o n t i n u e s ,  t h e  preceding  

c h a r a c t e r  can be r e v e r s e d ,  and it can be so  ea& t h e  t h a t  

t h e  s i g n  of rn o r  t h a t  of  ( G  - G ' r s )  changes.  

t h e  ensemble of symmetric s h e e t s  r e l a t i v e  t o  t h e  t w o  l ead ing -  

edges  and t h e  complete a r e a v o f  f i g u r e  7 must e q u a l  a s i n k  

O f  cou r se ,  
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which absorbs t h e  flow which c r o s s e s  t h e  l i n e  A l  A ' .  

32 

6 .  POSSIBLE FORM OF THE EDGE OF THE SHEET - EN CORNET 

The admi t ted  c o n i c i t y  - a hypo thes i s  which i s  w e l l  

s t a t e d  elsewhere - exc ludes  t h a t  t h e  sheet r o l l s  inde-  

f i n i t e l y  on i t s e l f ,  f o r  t h i s  d i s p o s i t i o n  ought  t o  appear  

from t h e  apex. 

L e t  us assume t h a t  t h e  r o l l i n g - u p  i s  l i m i t e d ,  t h a t  i s ,  

t h a t  t h e  s h e e t  - e n  cornet  p r e s e n t s  a marg ina l  edge,  i n d i c a t e d  

by p o i n t  B1 i n  t h e  p l a n e  c ( f i g u r e  9 )  f o r  t h e  s h e e t  t o  t h e  

r i g h t ,  i s s u e d  from t h e  leading-edge A l .  Then t h i s  s h e e t  

i s  a c o n i c a l  f l u i d  s u r f a c e  A I B l  w i th  p r e s s u r e  e q u a l  on 

both  f a c e s  a t  each p o i n t .  Th i s  s u r f a c e  e x t e n d s  t h e  wing 

s u r f a c e  and t h e  marg ina l  edge 5 .- of - t h i s  s h e e t  is, 5 



manner, s u b s t i t u t e d  f o r  t he  leading-edge 

e x t r a  t h i n  and wi th  sharp-edges. 

of t h e  p l a n e  wing- -- -- 
--- 

This  sheet i s  t h u s  formed t o  avoid t h e  d i r e c t  t u r n i n g  

. o f  t h e  f l u i d  around t h e  s h a r p  leading-edge a t  A I ,  which is  

n o t  p o s s i b l e  by cont inuous  p o t e n t i a l  f low. 

on t h e  c o n t r a r y ,  t h a t  t h e  flow t u r n s  around t h e  margina l  

edge B1 of t h i s  s h e e t .  

it d i d  n o t  t h u s  procede G ( s )  and G I  = dG/ds would be z e r o  

a t  B, o r  one would have t h e  c a n c e l l a t i o n  of s t r e n g t h  of 

t h e  c i r c u l a t i o n ,  and a t  t h e  same t i m e ,  of t h e  s u r f a c e  out -  

f low o f  t h e  s h e e t  en  cornet .  

One must admit,  

One w i l l  n o t e ,  i n  p a s s i n g ,  t h a t  i f  

- 
The t u r n i n g  about  B l  by t h e  t r a n s v e r s e  psuedo-flow 

i s ,  b e s i d e  be ing  made e v i d e n t  by t h e  p r e s e n t  experiment ,  

acco rd ing  t o  t h e  words of P a s c a l ,  " t h e  master t h a t  w e  

must follow. 

However, it i s  n o t  p o s s i b l e  t o  n e g l e c t  t h e  v i s c o s i t y  

o f  ( t h e  f l u i d  a t  -ea.) p o i n t  B1 nor  i n  t h e  v i c i n i t y  of B l ,  

f o r  it a l o n e  p r e v e n t s  t h e  speed f r o m  i n c r e a s i n g  i n d e f i n i t e l y  

as it would i n  t h e  case of a perfect  f l u i d  t u r n i n g  t h e  

s h a r p  edge B1 of ou r  schematic  s h e e t .  

p r o g r e s s i v e l y  and c o n t i n u a l l y  by t h e  v o r t e x  f i l a m e n t s  which 

c o n s t i t u t e  t h e  sheet and w h i c h  fol low,  on t h e  s h e e t ,  a 

l i n e  f r o m  t h e  leading-edge a t  A1 so t h a t  t h e y  f i n a l l y ,  and 
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r a t h e r  r a p i d l y ,  become o r i e n t e d  a long  t h e  a x i s  of  t h e  marg ina l  

bu lge  when they  r e a c h  t h e  l a t t e r  (refer t o  f i g u r e  9 ) .  

I n  t h e  case, depending on t h e  a n g l e  of  a t t ack  a ,  where 

t h e  a n g l e  of t u r n i n g  of t h e  sheet - t h e  t o t a l  a n g l e  of 

r o t a t i o n  i n  t h e  p l ane  5 of  t h e  d i r e c t i o n a l  t a n g e n t  a long  

t h e  t r ace  of t h e  s h e e t  - i s  less t h a n  n ,  t h e  v e l o c i t y  v e c t o r s  

o f  t h e  transverse pseudo-flow are p r e s e n t e d  as t h e  schemat i c  

of f i g u r e  1 0 .  

7 has been p l aced  h y p o t h e t i c a l l y  on t h e  p o s i t i v e  p a r t  of  t h e  

I n  t h i s  f i g u r e ,  t h e  t e r m i n a l  p o i n t  a o f  f i g u r e  e 

L e t  us stress t h i s  concept  of  t h e  " b o u r r e l e t  m a r g i n a l  

de  l a  nappe e n  c o r n e t "  - padded edge o f  t h e  r o l l e d - u p  

v o r t e x  s h e e t .  

I t  i s  a r o t a t i o n a l  r e g i o n .  The v i s c o s i t y  of t h e  r e a l  

f l u i d ,  which canno t  be n e g l e c t e d  i n  t h i s  zone w i t h  i t s  

extreme v e l o c i t y  g r a d i e n t s ,  c a u s e s  t h e  e n t r a i n m e n t  by t h i s  

bu lge  ( o r  vo r t ex  c o r e  -ed.)  o f  t h e  f l u i d  f i e l d  which t u r n s  

around it. 

T h i s  en t r a inmen t  o c c u r s  c o n t i n u a l l y  i n  p r o p o r t i o n  t o  

t h e  d i s t a n c e  from t h e  apex ,  c o n t i n u a l l y  e n l a r g i n g  t h e  

r o t a t i o n a l  c o r e ,  t h e  c o n i c  form of which b l e n d s  w i t h  t h a t  

of t h e  ( v o r t e x )  s h e e t  - e n  c o r n e t ,  which agrees w i t h  o u r  

fundamental  h y p o t h e s i s  o f  c o n i c i t y ,  o r i g i n a t i n g  a t  t h e  

apex ,  of  t h e  e n t i r e  f low.  

The format ion  of t h e  edge bu lge  can  b e  r e p r e s e n t e d  

i n i t i a l l y  by n e g l e c t i n g  t h e  v i s c o s i t y  as shown i n  f i g u r e  11. 



The v o r t e x  c o r e  (shaded)  absorbs  a t  i t s  edges  t h e  flow 

of t h e  t r a n s v e r s a l  pseudo-current  which has  c r o s s e d  t h e  

boundary A1 A '  and which has  not  been absorbed through t h e  

t r a c e  A I  B l '  ( i n s t e a d  of A l  B1) of t h e  s h e e t  e n  cornet .  

One c a n  imagine t h a t  t h i s  co re  may be i n  c o n s t a n t  r o t a t i o n ,  

- 

accord ing  t o  a concept ion  r e c e n t l y  developed by R. 

Legendre f o r  a c y l i n d r i c a i  pad ibiibble) 2:: t h e  leading- 

edge of a r e c t a n g u l a r  wing p lane .  L e t  us  emphasize, a t  

any r a t e ,  t h a t  i n  p r o p o r t i o n  t o  t h e  d i s t a n c e  from t h e  

apex, t h e  circulatien zf t h e  margina l  pad and i t s  

c o n t a i n e d  f low volume i n c r e a s e  p r o p o r t i o n a l l y  t o  t h e  

a b s c i s s a  x; f i r s t ,  by t h e  c o n t i n u a l  c o n t r i b u t i o n  of t h e  

v o r t e x  f i l a m e n t s  from t h e  s h e e t  e n  c o r n e t  ( o € . r e d u c e d  s e c t i o n  

i s s u e d  from A , ,  b u t  l i m i t e d  t o  B1') and second, by t h e  

- 
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ment, and i t s  s t a b i l i t y  l i n k e d  t o  t h a t  of  t h e  v o r t i c e s  

w i t h i n  a f l u i d  having n e g l i g i b l e  v i s c o s i t y  ( o u t s i d e  these 

v o r t i c e s ) ,  are v e r y  w e l l  c o r r o b o r a t e d  by experiment .  

E s p e c i a l l y  must t h e r e  be e x p l a i n e d  t h e  double  s t r e a k s ,  w i t h  

m u l t i p l e  t u r n s ,  observed  on t h e  s t r e a m l i n e s  a d j a c e n t  t o  t h e  

padded edge of  t h e  ro l l ed -up  v o r t e x  s h e e t .  

I t  i s ,  moreover,  i n  t h e  same way e x p l a i n e d ,  t h e  form- 

a t i o n  of t h e  * v o r t i c e s  -- of t h e  s t r a i g h t  wing or  -- ones  

having v e r y  s m a l l  sweepback and having  an a lmos t  e l l i p t i c a l  

l i f t  d i s t r i b u t i o n .  A t  t h e  t i p s  o f  t h e s e  wings,  and from 

t h e  leading-edge i t s e l f ,  i f  t h e  l a t t e r  c u r v e s  r a p i d l y  down- 

stream i n  t h e  r e g i o n  of  t h e  t i p ,  there forms a ( v o r t e x )  

a b s o r p t i o n  of in f low through t h e  l a t e r a l  s u r f a c e  of  t h e  

bubble  ( acco rd ing  t o  t h e  e f f e c t  of s i n k s  on t h e  c o n t o u r  of 

t h e  c o r e  i n  t h e  p l a n e  5 ) .  

The presence  o f  t h i s  bubble ,  i t s  p r o g r e s s i v e  develop-  

s h e e t  - en  c o r n e t  which creates i t s  own c i r c u l a r  core as it 

i s  i n  t h i s  one,  v e r y  c o n c e n t r a t e d  and v e r y  d u r a b l e .  T h i s  

core, o r  bubble ,  c o n s t i t u t e s  t h e  tip v o r t e x  o f  t h e  wing i n  

t h e  u s u a l  s ense .  

7 .  PRACTICAL SCHEME O F  FLOW 

The d e l i c a t e  q u e s t i o n  remains t o  d e f i n e  a scheme be ing  

i n s p i r e d  by t h e  p reced ing  - which comes d i r e c t l y  from 

exper iment  - i n  such  a manner t h a t  t h i s  scheme may b e  

p r a c t i c a l ,  t h a t  i s , t h a t  i t  f u r n i s h e s  a good enough approx- 

ima t ion  of  t h e  d i s t r i b u t i o n s  of  speeds  and p r e s s u r e s  on 



t h e  wing and around t h e  wing and t h a t  it s i m p l i f i e s  t h e  

c a l c u l a t i o n s  s u f f i c e n t l y .  

I have i n s i s t e d  upon t h e  c o n d i t i o n  " r a t i o n a l "  to which 

.my concept  of t h e  s h e e t  en cornet is  s u b j e c t e d  i n  o r d e r  t o  

r e s p e c t  t h e  l a w s  of f l u i d  mechanics, t a k i n g  i n t o  account  

an i n t e r v e n t i o n  of t h e  v i s c o s i t y ;  so a s  t o  e x p l a i n  t h e  

detachment of t h i s  s h e e t  from t h e  leading-edge if it i s  

- 

s h a r p ,  o r  from an  a d j a c e n t  l i n e  i f  it i s  more or less rounded, 

and t h u s  t o  e x p l a i n  t h e  formation o f  a r o t a t i o n a l  c o r e  

on t h e  edge o f  t h e  s h e e t .  

- 
-- -- 

Among t h e s e  r a t i o n a l  c o n d i t i o n s  appea r s ,  e s p e c i a l l y ,  

t h e  e q u i l i b r i u m  of p r e s s u r e ,  a t  any p o i n t  on t h e  s h e e t ,  

between t h e  t w o  f a c e s ;  and a f i n i t e  d i f f e r e n c e  between t h e  

d i r e c t i o n  of t h e  f low v e l o c i t y  from t h e  upper s u r f a c e  

and t h a t  of  t h e  flow from t h e  lower s u r f a c e .  

I have emphasized a l s o  t h e  t h e o r e t i c a l l y  necessary  

connec t ion  of  weak s i n k  (or  sources )  of  weak v o r t i c e s  of t h e  

s h e e t  en c o r n e t ,  i n  t h e  assumed h y p o t h e s i s  of c o n i c i t y  a s  

w e l l  as t h e  approximate c h a r a c t e r  of t h e  concomitant  

- 

h y p o t h e s i s  of s o l e n o i d  flow f o r  t h e  t r a n s v e r s a l  psuedo- 

f low o u t s i d e  o f  t h e  preceding  s i n g u l a r i t i e s .  

Recen t ly ,  I have made, W i L h  t h e  c o l l & = r a t i c n  of Mr, 

P.  Duban, several  a t t e m p t s  a t  maximum s i m p l i f i c a t i o n  of 

the scheme of  f low.  All of t h e s e  a t t e m p t s  i n  which t h e  s h e e t  

- e n  c o r n e t  w a s  r e p r e s e n t e d  only f r a g m e n t a r i l y  have f u r n i s h e d  



some r e s u l t s  which, w h i l e  v e r y  a c c e p t a b l e  i n  s e v e r a l  

A2 

i n t e r e s t i n g  r e s p e c t s ,  e n t a i l  some l o c a l  u n p l e a s a n t  f a u l t s .  
';I 

I 

I 4' -. 

A,  r) 

Another a t t e m p t ,  a t  p r e s e n t  i n  t h e  c o u r s e  of  c a l c u l a -  

t i o n ,  i n v o l v e s  a s h e e t  - e n  c o r n e t ,  w i t h  a con t inuous  d i s -  

t r i b u t i o n  of v o r t i c i t y  from A ,  t o  B1 and completed a t  B1 

by a c o n c e n t r a t e d  v o r t i c i t y - s i n k  ( f i g u r e  1 2 ) .  I n  s p i t e  of  

t h i s  s t y l i z a t i o n  t a k e n  from t h e  t r u e  s t r u c t u r e  o f  t h e  s h e e t  

- en c o r n e t ,  t h e  c a l c u l a t i o n s  are f a r  m o r e  d i f f i c u l t  t h a n  

t h e  preceding .  The r e s u l t s  w i l l  be p r e s e n t e d  l a t e r  if 

t h e r e  w i l l  be a p l a c e  f o r  them. 

I n  any case t h e  r e p r e s e n t a t i o n  ( a t  B 1  and B2) of t h e  

m a r g i n a l  v o r t e x  bubble  by a c o n c e n t r a t e d  v o r t e x  s i n k ,  t h a t  

I proposed a t  Goe t t ingen  i n  1 9 5 3 ,  a p p e a r s  t o  m e  t o  g a i n  

c redence ,  by what t h e  v i s u a l i z a t i o n  o f  t h e  r e a l  f low 

t e a c h e s ,  and a t  t h e  same t i m e ,  by a r e a s o n a b l e  concern  f o r  

s i m p l i f i c a t i o n  of  c a l c u l a t i o n s .  The c a l c u l a t i o n s  are  

concerned wi th  t h e  q u e s t i o n  of e v a l u a t i n g  speeds  and 

p r e s s u r e s  on a wing o r  i n  i t s  immediate v i c i n i t y .  
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8. THE TEARING OF THE SHEET EN CORNET -. 
I t  i s  e v i d e n t  t h a t ,  i n  r e a l i t y ,  and f o r  a d e l t a  wing 

of g r e a t  depth  ( long  chord -ed.) , t h e  con ic  flow i s  only  

approximate,  and only  fo r  a l i m i t e d  p o r t i o n  of t h e  wing. 

The v i s c o s i t y  e x e r c i s e s  a cumulat ive i n f l u e n c e ,  - - w i t h  t h e  -- 
l e n g t h  of the leading-edge and d i s t a n c e  f r o m  t h e  apex, on what - -- 
causes  t h e  formation and detachment of t h e  s h e e t s  en c o r n e t .  

Th i s  i n f l u e n c e  p r o g r e s s i v e l y  causes  t h e  r e a l  f l o w  t o  d i v e r g e  

from t h e  i d e a l i z e d  f low,  t h a t  one assumes e l sewhere  f o r  a 

p e r f e c t  f l u i d .  

_. 

One c a n ,  from t h i s ,  imagine t h a t  a t  a c e r t a i n  d i s t a n c e  

from t h e  apex, t h e  sheet e n  c o r n e t ,  formed from t h i s  p o i n t ,  

b r e a k s  away from t h e  leading-edge and t h a t  a new p i e c e  of 

s h e e t  en  c o r n e t  i s  formed from t h i s  p o i n t  of t e a r i n g .  

Th i s  new s h e e t ,  i n  t u r n ,  w i l l  t e r m i n a t e  a t  a p o i n t  more 

downstream on t h e  leading-edge,  and so  on. 

- 

- 

Thus, s e v e r a l  "bubbles" ,  s o r t s  of c o n c e n t r a t e d  v o r t i c e s ,  

can appear  above and a long  a d e l t a  wing, v o r t i c e s  which then  

r o l l  more o r  less r a p i d l y ,  on each o t h e r .  

The e f f e c t  of i n t e r a c t i o n  of t h e  t r a i l i n q - e d q e  on the 
f l o w  around - t h e  leadinq-edge can e q u a l l y  f a v o r  t h e  t e a r i n g  

of a sheet en  c o r n e t  b e f o r e  i t s  deveiopfiefit a t t a i n s  the 

d e l t a  wing t i p .  

-- - - 
- 

- 

Some number o f  o b s e r v a t i o n s  of f low v i s u a l i z e d  a t  t h e  

0. N. E .  R. A . ,  on t h i n  wings w i t h  s t r o n g  sweepback, d e l t a  

wings ,  as w e l l  as some s t r e a m l i n e  bod ies ,  appear  t o  m e  as 
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b a s i s  f o r  t h e  p reced ing  s t a t e m e n t .  I l i m i t  myself  h e r e  

t o  emphasizing t h e  i n f l u e n c e ,  e v i d e n t l y  major  i n  t h i s  

i n s t ance ,o f  t h e  Reynold ' s  Number r e l a t i v e  t o  t h e  magnitude 

of  t h e  o b s t r u c t i o n s  t o  t h e  meaning of  t h e  f l o w  f i e l d .  
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T r a n s l a t i o n  o f :  SUR L'ECLATEMENT DES TOURBILLONS D'APEX - 
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F e v r i e r ,  1 9 6 0 .  

- 

ON THE BURSTING OF THE APEX-VORTICES 

OF A DELTA W I N G  AT LOW SPEEDS N67-16176 
by 

H. Werle, Research Engineer  of t h e  O.N.E.R.A.  

SUMMARY 

I n  a conference  h e l d  r e c e n t l y  i n  Hanover, Germany (11, 

M r .  Maurice Roy, d i r e c t o r  of t h e  0. N .  E .  R. A . ,  a g a i n  

d i s c u s s e d  and developed h i s  concept  of t h e  flow around a 

d e l t a  wing, o p e r a t i n g  a t  an a n g l e  of a t t a c k ,  c h a r a c t e r i z e d  

by t h e  r o l l i n g - u p  i n t o  a "cornet" of t h e  vortex s h e e t  of 

t h e  upper  s u r f a c e  of t h e  wing. 

I n  t h e  cour se  of t h i s  r e p o r t ,  s o m e  v i s u a l i z a t i o n s  

(of  t h e  f l o w ) ,  o b t a i n e d  i n  a hydrodynamic t u n n e l  ( 2 ) ,  

i l l u s t r a t e d  an a n a l y s i s  of  t h e  e n t i r e  f low a s  w e l l  as c e r t a i n  

l oca l  d e t a i l s  of t h e  v a r i o u s  types  of f lows s t u d i e d .  

The expe r imen ta l  r e s u l t s  p r e s e n t e d  below e n t e r  t h e  

framework of t h e  g e n e r a l  study. They concern a d e t a i l ,  as 

y e t  l i t t l e  unders tood ,  of  t h e  v o r t i c e s  from t h e  apex: t h e  

phenomenon of t h e  b u r s t i n g  of t h e  v o r t i c e s  under t h e  ac t ion  

of t u r b u l e n c e .  The s t u d i e s  c a r r i e d  ou t  i n  a hydrodynamic 
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t u n n e l  have p e r m i t t e d  an e x a c t  d e t e r m i n a t i o n  o f  t h e  mechanism 

of  t h e  e x p l o s i o n ,  t h e  i n f l u e n c e  of t h e  downstream c o n d i t i o n s ,  

and o f  t h e  p r i n c i p l e  parameters .  

I .  MECHANISM O F  THE BURSTING 

L e t  u s  f i r s t  r eca l l  b r i e f l y  t h e  s t r u c t u r e  o f  t h e  

( v o r t e x )  s h e e t  - en c o r n e t  ( 3 )  and (4): 

The margina l  bu lge  o r  bubble  of t h e  s h e e t  - a k i n d  of  

a c o n i c a l  shaped core r o l l i n g  up i n t o  one p i e c e  - i s  

ma in ta ined  a l l  a long  t h e  leading-edge.  All c o l o r e d  s t r e a k s  

e m i t t e d  a t  t h e  leading-edge tw ine  around t h e  a x i s  d e s c r i b i n g  

a h e l i x  of c o n s t a n t  d i a m e t e r  and o f  s l i g h t l y  i n c r e a s i n g  ra te .  

The d iameter  of t h e  h e l i x  i s  an i n c r e a s i n g  f u n c t i o n  and i s  

approximate ly  l i n e a r l y  p r o p o r t i o n a l  t o  t h e  d i s t a n c e  from 

t h e  apex t o  t h e  p o i n t  o f  emis s ion  on t h e  lead ing-edge .  I n  

p a r t i c u l a r ,  an  emis s ion  n e a r  t h e  apex makes t h e  a x i s  of t h e  

bu lge  e a s i l y  seen:  see f i g u r e  (1). T h i s  b u l g e  i s  comple te ly  

l amina r  n e a r  t h e  apex. 

T h e  appearance of t u r b u l e n c e  i n  t h e  downstream p a r t  of 

t h e  bubble  d i s o r g a n i z e s  t h e  mechanism of t h e  f low by pro- 

voking a v e r i t a b l e  e x p l o s i o n  o f  t h e  core: 

The c o l o r e d  stream e m i t t e d  n e a r  t h e  apex and d e s c r i b i n g  

a h e l i x  of a ve ry  reduced d i a m e t e r  around t h e  ax is  o f  t h e  

l amina r  p a r t  of t h e  core d r a s t i c a l l y  t r a n s f o r m s  i t s e l f  through 

t r a n s i t i o n  ( E )  i n t o  a h e l i x  o f  i n c r e a s i n g  d i a m e t e r  w h i l e  



s t a r t i n g  t o  comprise a pocket  of t u r b u l e n t  f l u i d :  see 

f i g u r e s  1 t o  3 .  

11. I N F L U E N C E  O F  DOWNSTREAM C O N D I T I O N S  

F i g u r e s  4 t o  7 show t h a t  t h e  phenomenon i s  ve ry  

s e n s i t i v e  t o  t h e  downstream c o n d i t i o n s  of flow: 

- A s u c t i o n  a t  t h e  i n t e r i o r  of t h e  t u r b u l e n t  pocket  

p e r m i t s  t h e  r e t a r d a t i o n  o r  even t h e  s toppage  of t h e  b u r s t i n g  

( 4 )  

- A s o l i d  o r  f l u i d  o b s t a c l e  p l aced  i n  t h e  same c o n d i t i o n s  

b r a k e s  t h e  f l o w  and provokes an i n v e r s e  e f f e c t .  ( f i g .  5 E, 

6). 

- A j e t  i n  t h e  d i r ec t ion  of t h e  f low,  s e n t ,  f o r  

example, from t h e  l o w e r  s u r f a c e  s i d e ,  a c c e l e r a t e s  t h e  f l u i d  

which has  a s  a consequence t h e  r e c e s s i o n  of t h e  exp los ion  

a t  t h e  same t i m e  as t h e  curv ing  of  t h e  a x i s  of t h e  v o r t e x  

toward t h e  j e t .  ( f i g .  6 )  

All t h e s e  t e s t  prove t h a t  t h e  phenomenon of b u r s t i n g  

i s  t i e d  t o  t h e  very  r a p i d  d e c e l e r a t i o n  of t h e  f l u i d ,  con- 

f i rmed  by c e r t a i n  hypo thes i s  s e t  up by Bryer  and Lambourne 

(5). 

111. I N F L U E N C E  OF THE PARAMETERS 

A comparison of f i g u r e  8 (view a t  t h e  r i g h t )  and 

f igure  1 shows t h a t  w i t h  t h e  inc idence  ( a n g l e  of a t t a c k )  

- i and t h e  s i d e s l i p  ( a n g l e  o f  yaw) c o n s t a n t ,  t h e  exp los ion  
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E approaches t h e  apex whenever t h e  Reynolds nilmber IiQ 

(based on v e l o c i t y  V ) i n c r e a s e s ;  E t e n d s  toward a l i m i t  

wh ich  i s  t h e  p o s i t i o n  a c t u a l l y  reached f o r  RI1 = l o 4 .  
0 

An increase of i n c i d e n c e ,  i ,  accomplished w i t h  j and 

R R  c o n s t a n t ,  i s  marked by a p r o g r e s s i v e  movement (from t h e  

downstream beyond t h e  t r a i l i n g  edge) from p o i n t  E toward 

t h e  apex, t hus  reducing ,  i n  a cont inuous  manner, the laminar  

p a r t  of t h e  c o r e  ( f i g u r e  8 ) .  

Given t h e  s t r u c t u r e  of  t h e  wing ( c o n s t a n t  t h i c k n e s s  = 

1 m m . ) ,  t h e  s i d e s l i p  a n g l e ,  j ,  of t h e  wing can be  used t o  

make an apparent  m o d i f i c a t i o n  of t h e  sweepback of t h e  lead ing-  

edge. This  sweepback becomes 60'  + j o r  60 '  - j depending 

on t h e  edge be ing  cons ide red  ( t h e  r i g h t  half-wing o r  t h e  

l e f t  half-wing) . 
T h e  i n f l u e n c e  of t h e  s i d e s l i p  ( o r  yaw),  w i t h  i and 

RI1 c o n s t a n t ,  appears  c l e a r l y  i n  f i g u r e  9 ( i n  comparison 

wi th  f i g u r e  8 ) :  

O n  t he  half-wing f o r  which t h e  sweepback e f f e c t i v e l y  

i n c r e a s e s ,  one obse rves  t h e  r e c e s s i o n  of t h e  b u r s t i n g  toward 

t h e  t r a i l i n g - e d g e ,  whereas,  on t h e  c o n t r a r y ,  t h e  t u r b u l e n t  

pocket  c o n t i n u a l l y  moves forward toward t h e  apex as pEFF 
dec reases .  

The t h i c k n e s s  of t h e  wing and t h e  r a d i u s  of i t s  

leading-edge have an e f f e c t  on t h e  e x p l o s i o n  E analogous 

t o  t h a t  of t h e  i n c i d e n c e ;  s i t u a t e d  i n  i d e n t i c a l  t e s t  

4 4  



c o n f i g u r a t i o n  (i ,  j , Vo, R E ,  p,,) , t h e  occurrence  of t h e  

b u r s t i n g  i s  r e t a r d e d  when t h e  wing cons idered  i s  t h i c k e r  

and t h e  r a d i u s  of t h e  leading-edge i s  g r e a t e r :  (observe  

- and  compare f i g u r e  1 0  w i th  f i g u r e  1). 

F i n a l l y ,  t h e  planform of t h e  wing has  a n o t  neg- 

l i g i b l e  e f f e c t  on t h e  appearance of t h e  phenomenon 

f i g u r e  11, and compare w i t h  f i g u r e  8 ( b ) .  I n  e f f e c t ,  

i n  t h e  case of a s l igh t ly -opened  cone, resembling a d e l t a  

wing, w i th  ve ry  l a r g e  sweepback, t h e  v o r t i c e s  i s s u i n g  

from t h e  p o i n t  do n o t  b u r s t  i n  t h e  immediate proximi ty  

of t h e  model, a t  l e a s t  i n  t h e  u s u a l  i n s t a n c e .  I t  i s  t h e  

same f o r  t h e  t i p  v o r t i c e s  of a r e c t a n g u l a r  wing of s h o r t  

span or of  a n  e l l i p t i c a l  wing. 

(see 

Manuscript  submi t ted  D e c .  2 9 ,  1959  
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b C a 

Fig. 1 - Mechanism of the bursting: 
(a) View of the upper surface. ( b )  View in perspective. 

(c) View of the profile. 

a 

r 

, 

b 

1 

Fig. 2 - 
(a) 

C 

Mechanism of the bursting: 
Transversal section of the explosion up-stream from the 
explosion. 
Transversal section of the explosion downstream from it. 
Downstream view of the phenomenon. 
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Fig. 3 - Mechanism of the bursting. 
Schematic diagram of the mechanism of the bursting. 
delta wing with a sharp leading-edge; incidence, i=2Oo; 

sideslip, j=Oo; R , = ~ x ~ O ~ ;  Vo= 5 cm./sec.; sweepback of the 
leading-edge, $BA = 60°; chord at the wing root, &=lo0 mm.; 
e/k = 1%. 

Thin 

(Aj 

(B) 
(C) Pocket of turbulent fluid. 

 xis of the apex vctex. 
Point of bursting of the vortex. 
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a b 
Fig. 4. Influence of downstream conditions: Thin delta 

wing with sharp leading-edge. 
i=2Oo; j = O " ;  V =5 cm./sec.; RL = 5x10 . 0 
(a & b) Influence of suction. 

3 

Fig. 5. Influence of downstream conditions: Thin delta 
wing with sharp leading-edge. 
i = 20"; j = 3 O ;  v = 5 cm./sec.; RL = 5x10 . 
Influence of an obstacle. 

3 
0 
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a b 

Fig. 6. Influence of downstream conditions: Thin delta 
wing with sharp leading-edge. 
i=20°; 
(a & 5) Influence of a jet in the direction of flow. 

j=Oo; V = 5 cm./sec.; R = 5x10 3 . 0 R 

Fig. 7. Influence of downstream conditions: Thin delta 
wing with sharp leading-edge. 
i = 2 0 ° ;  j = 0'; V = 5 cm./sec.; R = 5x10 . 
Influence of a jet against the flow. 

3 
0 R 

, 
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a b 

I 

C 

Fig .  8 .  I n f l u e n c e  o f  i n c i d e n c e  a n g l e ,  i. 
( a ) i = 12", j = Oo. ( b ) i = 2 0 ° ,  j = 0'. 

( c ) Schematic g i v e s  t h e  d i sp lacemen t  of  E as  a f u n c t i o n  of 
i. T e s t s  c a r r i e d  o u t  w i t h  j = O o ;  Vo= 1 0  cm./sec.; R = lo4; 
chord  a t  t h e  r o o t  of t h e  wing, R = 1 0 0  mm. 
The f i g u r e s  shown on t h e  schemat ic  g i v e  t h e  v a l u e  of t h e  

R 

~ i n c i d e n c e ,  i. 



a b 

C 

Fiq. 9. Influence of the side-slip. 
a) i = 12", j = 1 5 " .  b) i = 2 0 ° ,  j = 15'. 

c) Schematic gives the displacement of E as a function of j .  

Tests carried out with i = 20'; R L  = 10 ; chord at the 
root of the wing, L = 100 mm.; V = 10 cm./sec.. 
The figures on the chart give the value of the side- 
slip anyle. 
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a b 

Fig .  1 0  - I n f l u e n c e  of t h e  t h i c k n e s s  o f  t h e  wing. 
a) e / a  = 10% (median p l a n e ) ;  i = 2 O o ;  V = 5 cm/sec. 
b )  e / a  = 1 6 %  (median p l a n e ) ;  i = 25';OV0 = 5 cm/sec. 
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b C a 
F i g .  11. I n f l u e n c e  of t h e  form o f  t h e  model. 

a )  cone; view of  t h e  t o p  s u r f a c e :  i = 1 2 O ,  v = 1 0  cm./sec. 
b)  r e c t a n g u l a r  wing; view of  t o p ;  i = 1 2 " ,  V = 1 0  cm./sec. 
c )  e l l i p t i c a l  w i n g ;  lower s u r f a c e  t i p ;  i=llo, V =10 cm/sec. 
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